1. The effects ofacid mucopolysaccharides and acid mucopolysaccharide-proteins on the size and rate of formation of fibril aggregates from collagen solutions in pH7-6 buffers were studied by turbidimetric and light-scattering methods. 2. Serum albumin, orosomucoid, methylated cellulose, chondroitin sulphate A and chondroitin sulphate C of molecular weight less than 20000, and hyaluronate of molecular weight less than 40000 did not influence rates of fibril formation. Chondroitin sulphate A, chondroitin sulphate C and hyaluronate of high molecular weight retarded the rate of fibril formation. This effect of high-molecular-weight chondroitin sulphate C decreased with increasing ionic strength. Heparin, though oflow molecular weight (13 000), was highly effective, as was also heparitin sulphate. The chondroitin sulphate-proteins of very high molecular weight were highly effective, despite the fact that for some preparations the component chondroitin sulphate chains had molecular weights much less than 20 000. 3. Agents that had delayed fibril formation were also effective in producing an increase in degree of aggregation of fibrillar collagen, as indicated by dissymmetry changes observed in light-scattering experiments at low collagen concentrations. Methylated cellulose and heparin at 2-5,ug./ml. were unusual in decreasing aggregation, but heparin at 0-25 ,tg./ml. increased aggregation. Electron microscopy of gels showed fibrils and fibril aggregates with 'normal' collagen spacing and dimensions consistent with the light-scattering results. 4. The rates of electrical transport of agents and of solvent (electro-osmosis) through collagen gels indicated a contribution of molecular entanglement that increased with increase in molecular size of the agents. Electrostatic binding of heparin to collagen was noted. Binding to collagen during fibril formation was also found for heparitin sulphate and a chondroitin sulphate with extra sulphate groups. 5. Electrostatic binding of acid mucopolysaccharide-proteins to collagen may be an important factor in the organization and functioning of connective tissues at all stages of growth and development. Excluded-volume (molecular-entanglement) effects may also be important. These factors operate simultaneously and interact mutually so that precise assessment of their relative importance is difficult.
The present study used similar systems that form fibrils to investigate further the interactions of 'native' collagen with highly purified and physically characterized mucopolysaccharides and 'native' mucopolysaccharide-proteins.
A preliminary account of this work has been presented (Mathews & Decker, 1967) .
MATERIALS AND METHODS Preparation&. Acid mucopolysaccharides and acid mucopolysaccharide-proteins were isolated from a variety of animal connective tissues, extensively purified, and chemically and physically characterized by methods described previously (Mathews & Lozaityte, 1958; Mathews & Inouye, 1961; Mathews, 1958 Mathews, , 1962 Mathews, , 1966a Mathews, , 1967 . Weight-average molecular weights of 30000 and higher were measured by light-scattering methods, and lower molecular weights were calculated from viscosity data and from established relationships between intrinsic viscosity and weight-average molecular weight (Mathews, 1967) . Heparin (molar ratio, sulphate: hexosamine 2-46: 1-00) and heparitin sulphate (molar proportions, N-acetyl: sulphate: hexosamine 0-50:1-09: 1-00) were highly purified preparations given by Dr J. A. Cifonelli. A mucoprotein from human urine (Tamm, Bugher & Horsfall, 1955 ) and a preparation of orosomucoid (Weimer & Winzler, 1955) were given by Dr N. Kefalides. A sialoprotein from cortical bone (Andrews, Herring & Kent, 1967 ) was a gift from Dr G. M. Herring. Dr A. Veis gave a sample of a partially characterized sialoprotein from bovine tooth dentine, containing phosphoserine residues (Zamoscianyk & Veis, 1966) . Methocel (average degree of polymerization, 220 glucosyl residues) and crystalline bovine serum albumin were given respectively by Dow Chemical Co., Midland, Mich., U.S.A., and by Armour and Co., Chicago, Ill., U.S.A.
Purified soluble tropocollagen was prepared from calf skin, obtained through the courtesy of Dr C. De Fiebre of Wilson Laboratories, by the procedure of Rubin et al. (1965) ; the preparation, corresponding to their fraction 2A, was stored frozen. Analysis on a Technicon AutoAnalyzer showed 329 residues of glycine, 127 residues of proline, 91 residues of hydroxyproline, 8 residues of hydroxylysine, 3 residues oftyrosineandless than 2 residues of hexosamine/ 1000 residues. The intrinsic viscosity in 0-15M-sodium citrate buffer, pH 3-7, at 200 was 15-8 dl./g. This preparation was thus very similar to the preparations obtained by Rubin et al. (1965) .
Collagen solutions of 1-5-2 mg./ml. in cold 0-15 M-citrate buffer, pH 3.7, were freshly prepared every week and dialysed against several changes of sodium phosphate buffer, pH7-6 and 1 0-13, for 48hr. in the cold. Solutions were ventrifuged for lhr. at 3000g, analysed for nitrogen by a colorimetric micro-Kjeldahl procedure and diluted with buffer to a concentration of 0-85mg. of protein/ml. The protein content was based on an assumed content of 17-6% of nitrogen in tropocollagen (Rubin et al. 1965 by repeated precipitation. The intrinsic viscosity of9-5 dl./g. and molecular weight of280 000 from light-scattering agreed well with values obtained by Davison & Drake (1966) from ultracentrifugal analysis. In addition, the lightscattering envelope corresponded to a rod-like conformation oflength 2600A, in agreement with accepted values for tropocollagen. Pronase removed about 5% of peptide (telopeptide) external to the collagen helix and removed all of the cross-links. Gelation rate. Studies on the rate of gelation were performed on 2ml. samples of cold collagen solution to which either 0-5ml. of cold buffer or 0-5ml. of cold agent solution were added in round cuvettes (10mm. internal diam.). The control was run simultaneously with the experimental tube. All glassware used was kept at 4°. At zero time, the two tubes were placed in a water bath at 25 + 0-010 for 1-5 min., and the extinction was read at 440mie 0-5min. later and thereafter at 2min. intervals for a total of 40min. During this period of time the tubes were maintained at 25 + 0.50.
Plateau values of extinction at 40min. for solutions containing agents and for control solutions did not differ by more than 10% except when CS-proteins were used at high concentration (0-2mg./ml.).
The degree of trapping of agent was calculated from analyses of supernatants for uronic acid, hexosamine, or hexose after compression of gels to small pellets by centrifugation at 1000g. Analyses for nitrogen indicated that more than 95% of the protein present was sedimented.
Light-scattering. Experiments were performed with a cylindrical cell in a Brice-Phoenix instrument at 436m,t by procedures based on those used previously (Mathews & Lozaityte, 1958 a spatula to a small pellet to release the free fluid. The extinction of this free fluid as well as that of the original collagen-dye mixture, which was stored at 40, was measured at 480mtz. The collagen pellet was heated in5 ml. of water and the resulting solution, the other fluid samples and the original acid mucopolysaccharide solution were assayed for uronic acid.
The average distance of migration of acid mucopolysaccharide was calculated from the loss of agent from the cathode limb and also from the total gain in agent by the middle section and the anode limb. The two values thus obtained agreed within 10%. The distance of displacement of solvent due to electro-osmosis was calculated from the loss of dye from the middle section. The electrophoretic mobility relative to the solvent was then obtained from the relation: (@), t=6-0min. For collagen at 0-68mg. of protein/ml.
with CS-C (mol. wt. 50000) at 0-2 mg./ml. (0), t1= 12-Omin. Ionic-etrength effect. The half-time of gelation of collagen solutions increased from 6-0min. at I 0-13 to 13-4min. at I 0-25. However, as shown in Fig. 3 , the effect of acid mucopolysaccharide on gelation became greatly decreased with higher ionic strength.
Molecular-weight effect. The dependence of R on molecular weight of the acid mucopolysaccharide is evident from Fig . The preparations of CS-A (o) of molecular weights 14000 and 17000 were obtained from notochord of sturgeon and lamprey respectively; the two highermolecular-weight preparations were from bovine cartilage each composed of 70% CS-A and 30% CS-C. The preparation of CS-A of molecular weight 50000 consisted of two polysaccharide chains joined by a short peptide sequence (Mathews, 1968) . The preparations of CS-C (e), in order of increasing molecular weight, were obtained from lamprey cartilage, human cartilage (Mathews & Glagov, 1966) , human umbilical cord (Mathews, 1966b) , sturgeon cartilage and human umbilical cord respectively. The preparations of sodium hyaluronate (o), in order of increasing molecular weight, were from rat skin, rabbit skin (Schiller, Mathews, Jefferson, Ludowieg & Dorfman, 1954) and umbilical cord after ethanol fractionation (Mathews, 1966b) . Hyaluronate (streptococcal) ( x ) was purified from a preparation from Streptococcu= pyogene8 given by Dr H. Alburn. The CS-B preparation (A) was from ox lung (Mathews, 1959) .
exceeded that of hyaluronate at equal molecular weight. The single point for CS-B fell on the curve for CS-A. However, streptococcal hyaluronate showed an anomalously large effect. This preparation has an unusual content of about 30 amino acid residues per unit of molecular weight 96000, consisting primarily of serine and glutamic acid. Concentration effect. The effectiveness of acid mucopolysaccharides generally increased with concentration, as shown in Fig. 5 . At concentrations of l-Omg./ml., high-molecular-weight CS-C and hyaluronate (streptococcal) gave very large values ofR, which could not be accurately measured. Also, some agents that were very effective at low concentration (Table 1 ) produced, at concentrations of 0-2mg./ml., gels that either contracted and clumped (agents 197, CSP, W-2B, RCSP, RNP and DMP; see Table 1 ) or were only slightly opaque (heparin at 0-2mg./ml. and 0-02mg./ml.).
Polyeaccharide-protein8 and other macromoleculeg. Various macromolecules listed in Table 1 were tested at 0-2mg./ml., or at lower concentrations Concn. of polysaccharide (mg./ml.) Fig. 5 . Dependence of relative half-time of gelation on concentration of acid mucopolysaccharide. For CS-C (mol.wt. 50000) (0) and for hyaluronate (streptococcal) (LI) at 1-Omg./ml. the values of B exceed 6. Also shown is the graph for CS-C (mol. wt.10000) (o).
when unstable gels were produced at the higher concentration. The uncharged polysaccharide, methocel, has a chain contour length near that of CS of molecular weight 50000, but it was entirely without effect on rates of gelation of collagen (however, see the results of the light-scattering experiments). Neither albumin nor sialoproteins of moderate anionic charge were effective. However, both agent DMP and agent BSP, which contain phosphate groups in addition to sialic acid, were sufficiently charged with anionic groups to be effective.
Hyaluronate-peptide, containing about 3% of peptide, had an effectiveness consistent with its high molecular weight (Fig. 4) . The difference in molecular weight may account for the difference in effectiveness of the two fractions of sulphated CS-C.
Squid CS, heparin and heparitin sulphate were highly effective agents. They were partly trapped within the collagen gel pellet, but none of the preparations indicated in Fig. 4 were similarly trapped.
The CS-proteins were all effective agents. It is noteworthy that the isolated acid mucopolysaccharide chains derived from the CS-proteins obtained from sturgeon notochord (RNP), lamprey notochord (LNP) and lamprey cartilage (LCP) have molecular weights less than 17 000, and were 1968 520 v Fig. 6 ; more extensive results are listed in Table 2 . Most of the experiments were conducted at a ratio ofcollagen to agent of 34: 1. This ratio is the same-as that used in the earlier gelation experiments in which the agent concentration was 0-02mg./ml.
The eightfold dilution of interactants results in an approximately fourfold increase in the time required to reach plateau values. The decrease in percentage transmission and the increase in dissymmetry with time may be considered, to a first approximation, to represent an increase in the size of scattering elements produced by aggregation of collagen molecules. Thus the effect of an agent on the degree of collagen aggregation is indicated by the difference ofthese values from the corresponding values of the control when the limiting state is reached.
The agents listed in Table 2 show an order of effectiveness that accords generally with the order of effectiveness indicated by the R values given in Fig. 4 Fig. 4 ). The degree of trapping of CS-proteins appeared to be correlated with molecular size. A solution of Pronase-treated collagen was clarified by centrifugation and filtration through a Millipore filter and placed in the light-scattering cell at 250. The intensities of scattered light remained constant for 3hr. On addition of a solution CS-protein (agent RCSP) at a final concentration of 2-5,ug./ml., the light-intensities became approximately additive for the two components and remained unchanged for 2hr., indicating that aggregation of collagen did not occur.
Electron microscopy. At high magnification, all the gels, with the exception of those produced in the presence of 2-5 ,ug. of heparin/ml., showed the characteristic cross-striations of normal collagen fibrils with an average period near 650A. Heparin produced a dense mat of fibrils of very small diameter that were not clearly resolved.
The gel samples were examined at a magnification of x 3500 in an attempt to correlate the lightscattering results with visual appearance. The sampling problem was such that a quantitative analysis of fibril diameter and degree of fibril association did not appear feasible. However, in those instances in which an agent produced a large effect on the light-scattering characteristics of a gel, a qualitative difference from the control collagen gel was readily evident. Samples of typical fields in Plate 1 show a small decrease in average fibril diameter from control for gels formed with methocel present and a large increase over the control in the average size of fibril aggregates formed in the presence of a CS-protein. Electrokine8is. The electrophoretic transport of various agents through a collagen gel (see Fig. 1 ) was studied in an attempt to evaluate the relative importance of electrostatic binding and steric factors. The results are given in Table 3 . It should be noted that the mobilities relative to solvent were close to those observed in the absence of collagen gel (Mathews, 1959, and unpublished work) , in accord with the theory of electro-osmosis (Alexander & Johnson, 1949) .
Electro-osmosis was not observed with CS chains of molecular weight 50000 or lower. This result indicated that these macromolecules passed relatively unretarded through the collagen gel. However, when the molecular weight for either CS or hyaluronate reached 100000, an electro-osmotic effect, which increased with increased molecular size of hyaluronate, was noted. The high-molecularweight CS-proteins produced a high degree of electro-osmotic flow and were also trapped within the gel pellet. These results suggested a possible contribution of molecular entanglement to the observed phenomena. Though of low molecular weight, heparin produced a small electro-osmotic flow and was appreciably trapped. With this very highly charged polyanion it appeared that electrostatic interaction produced strong binding to collagen.
DISCUSSION
Investigations of fibril formation encounter complexities deriving from the capacity of collagen in solution to bind a wide variety of inorganic cations and anions that have profound influences on the isoelectric point (Veis, Anesey & Cohen, 1958) and the degree and rate of fibril formation (Bensusan & Hoyt, 1958; Davison & Drake, 1966; Weinstock, King & Wuthier, 1967; Gross & Kirk, 1958) . Fibril morphology is also highly dependent on many variables including the temperature, ionic environment and the history of previous manipulations (Kahn, Carrol & Witnauer, 1962; Wood & Keech, 1960; Keech, 1961) . Added difficulties arise because the kinetics of fibril formation cannot be expressed in molecular forms that are directly related to the measured quantities. Bensusan & Hoyt (1958) and Wood & Keech (1960) noted that the precipitation of fibrils from collagen solutions occurred in two steps, the first occurring during the lag period or nucleation phase, the second occurring as a growth phase. Wood (1960a) showed that the final distribution of fibril width was determined during the lag period and that the measured turbidity was a linear function of the degree of precipitation of collagen and hence related to the extent of fibril growth. Wood (1960b) found that prior incubation of the collagen in phosphate-buffered sodium chloride solution at O effectively nucleated the solution so that subsequent addition of acid mucopolysaccharides and raising the temperature of the mixture resulted in observation of the effect of the agent on the growth phase only. Since our collagen solutions had been dialysed against phosphate buffer before use, it is thus likely that our observations were limited mainly to the growth phase of fibril formation. As a consequence, we did not observe the various nucleating effects of acid mucopolysaccharides reported by Wood (1960b) . The results obtained are associated with particular ionic conditions, the nature of the collagen preparation and the properties of the various agents used. Soluble collagen from normal tissues of the same species may differ slightly in primary composition. However, it may be more significant for studies of fibrillogenesis that such preparations may differ widely in tertiary and higher structures (Seifter & Gallop, 1966; Harding, 1965) . This is evident from analysis of denatured collagens for components arising from cross-linking of the primary polypeptide chains. In addition, most soluble preparations, including our own, contain polymers as well as tropocollagen monomer (Veis, Anesey & Mussel, 1967; Davison & Drake, 1966) . Because of these evident complexities, the present study was confined to a single preparation of collagen. All the major types of non-covalent bonding have been suggested to account for fibril formation from collagen solutions [hydrogen bonds (Gross & Kirk, 1958) ; electrostatic forces (Wood & Keech, 1960; Gross & Kirk, 1958) ; hydrophobic bonding (Cassel, 1966; Cassel & Christensen, 1967; Bianchi, Conio & Ciferri, 1966) ]. Though the relative contributions of various forces in fibrillogenesis are not readily evaluated, it is probable that electrostatic interactions have a significant role. Thus an electrostatic influence of highly charged polyanions on collagen aggregation would account for the observed lowering of effectiveness of acid mucopolysaccharides with increasing ionic strength of the medium. Further, the increase of effectiveness with increase in linear charge density and with molecular chain length of acid mucopolysaccharides supports a previous suggestion that collagenpolyanion complexes are formed in a reversible manner (Mathews, 1958) . The stability of the complexes would increase with increase in number of possible sites for electrostatic interaction of the components. Such collagen-macroion complexes might be essentially 'inactive' with respect to the fibril-forming process in a manner analogous to that suggested for collagen-microion complexes by Bensusan & Hoyt (1958) .
General reversibility of the association of polysaccharide with collagen, as also suggested by Vol. 109Wood (1960b) , is indicated by the observation that precipitated collagen did not retain detectable amounts of acid mucopolysaccharide, with the exceptions of heparin, heparitin sulphate and squid CS. An exceptionally high linear density of anionic charge of the heparin molecule and of segments of the heparitin molecule (J. A. Cifonelli, personal communication) could confer high stability on complexes containing these molecules. Squid CS combines a high average linear density of charge with an unusually long molecular chain; in addition, it is exceptional for the possession of galactosamine residues bearing two sulphate groups (Kawai, Seno & Anno, 1966) . The effect of increasing acid mucopolysaccharide concentration (Fig. 5) also suggests a mass-action effect on a reversible association. The high effectiveness of acid mucopolysaccharide-proteins (Table 1) is probably due to the multiple interactions available to structures consisting of many individual polysaccharide chains united by a polypetide chain into a single macromolecule (Mathews, 1965) , with possible contributions from excluded-volume effects.
The gelation process is too complex to permit explicit analysis of the light-scattering results. However, the qualitative assumptions made above are consistent with present theory (Stacey, 1956) . In all stages of gel formation (Fig. 6) , the decrease in transmission could be due to both elongation and increase in diameter of thread-like units. The initial dissymmetry is apparently due to a very small number of large aggregates representing only a minor fraction of the collagen present. Shortly thereafter, though the light-intensities at 450 and 1350 rise quickly, the ratio of these intensities (dissymmetry, Z) falls. This suggests increase in length in preference to increase in thickness. The rise in dissymmetry in the final stages is probably due mainly to increase in thickness of established fibrils.
With respect to the process of aggregation, fibrinogen-fibrin systems are similar in many respects to collagen systems (Scheraga & Laskowski, 1957; Stacey, 1956) . Of particular interest is the light-scattering study by Sheppard, Imperante & Wright (1956) of the effect of heparin on the formation of a fibrin gel from fibrinogen. As in the collagen system, heparin delayed gelation and produced dissymmetry values much lower than those of the control. This result suggested that high concentrations of heparin favoured end-to-end conformation over lateral aggregation.
The effect of heparin at 2 5 ,ug./ml. in the collagen system (Table 2) may be due to the initial nearequivalence in numbers of molecules or stable aggregates of both reactants and to a high extent of interaction with collagen. Electrostatic repulsions between kinetic units of collagen-heparin complexes apparently interfered to a greater extent with lateral associations than with associations leading to elongation of fibrils. This effect was diluted out with heparin at 0.25,ug./ml., and lateral association was promoted in a manner similar to that of the other acid mucopolysaccharides of lower linear charge density, e.g. CS-A ofmolecular weight 50 000. These concentration effects of heparin paralleled those found in the rate experiments. The gelation process was influenced to a smaller extent by CS-A of molecular weight 6000 either because of the low degree of complex-formation or because the contribution of negative charges to a 1: 1 complex was lower for the smaller polysaccharide. Similar interpretations may apply to the sialoproteins. The decrease in dissymmetry caused by methocel suggests involvement of hydrophobic-group associations.
The CS-proteins have a greater effect on both rate of gelation and fibril aggregation than do the corresponding polysaccharide chains alone. The effect presumably depends on the branched structure of the macromolecule and also on the linear charge density and length of the polysaccharide chain.
The stability of Pronase-treated collagen suggests that the observed effects of CS-proteins are linked to the process of aggregation of undegraded collagen, i.e. the agents modified, but did not determine, the basic features of fibril formation. This viewpoint is supported by the following evidence that the enzyme produces only minimal alterations in collagen. Though fibres are not formed readily from solutions of Pronase-treated collagen, ATP can induce formation of fibres with 640kspacing; inorganic-ion binding is similar to that of undegraded collagen; the isoelectric point in phosphate buffer is about pH6-0. The peptides removed by Pronase probably have a role in orientation of collagen molecules during fibril formation but appear to have little effect on other properties of collagen (Davison & Drake, 1966) . It thus appears that CS-proteins, which are incapable of precipitating Pronase-treated collagen, primarily affect kinetics of fibril formation from undegraded collagen.
It seems unlikely that the apparent correlation of the electron-microscopic appearance of gels with the light-scattering observations was due to artifacts produced during preparation of the gels for microscopy. Thus our results with heparin at two different concentrations are similar to those reported by Keech (1961) , who used different techniques. However, Keech (1961) found that the presence of CS-C produced individual fibrils of smaller diameter than those from control solutions of collagen. Since in these measurements larger aggregates were not included, a direct comparison with our results is not possible. We therefore 524 1968 Table 4 . Ratio of 'available volume' of agent to total volume The calculations were based on assumed radii for collagen-gel fibrils and tropocollagen monomer of500A and 7k respectively. Table 4 . Values of 'available volume' for collagen gels at 0-68mg./ml. indicate that steric factors are very small except for CS-proteins and possibly hyaluronate-peptides. This is in approximate agreement with the observed electro-osmotic flow results in Table 3 . The obvious exception is heparin, which has molecular dimensions comparable with those of CS of molecular weight 10000. It is apparent from this observation, as well as from the extent oftrapping ofheparin (Table 3) , that binding to collagen fibrils was the factor of major importance.
Agent
With hyaluronate-peptide and the remaining three agents of Table 3 that induced an electroosmotic flow, no trapping of agent was observed.
However, Table 1 shows that appreciable trapping of squid CS, but not of hyaluronate-peptide, occurred during fibril formation. Reference to Table 4 reveals low values of 'available volume' for both agents in solutions of monomeric collagen at 0-68mg./ml. The trapping of squid CS in these experiments may therefore be due to binding to collagen during early stages of fibril formation from monomer, when the probability of intermolecular contacts is high. Though the probability of such contacts is very much greater for hyaluronatepeptide, this molecule does not bind as strongly to collagen, probably because it possesses a much lower linear charge density.
The effects of electrostatic interactions are particularly difficult to observe under conditions where a large degree of molecular entanglement must occur, as during the initial stages of fibril formation in the presence of CS-proteins. Intermolecular binding was considered a possibility in such circumstances by Disalvo & Schubert (1966) in view of earlier results by Gerber & Schubert (1964) that showed binding between CS-proteins and albumin at low ionic strengths. Toole & Lowther (1967) observed that sulphated acid mucopolysaccharide-proteins were precipitated with collagen at low temperatures, whereas hyaluronate-peptides were not. They interpreted this finding as indicating that the precipitation required the presence of the ionizable sulphate groups. Binding of acid mucopolysaccharide-proteins to collagen has not been shown unequivocally in the present study. However, its occurrence, supported by the observations on the acid polysaccharide segments of the same macromolecules, is highly probable. Heterogeneous molecular interactions probably have significant influences on processes of fibril formation and growth and on higher-level organizations of mature connective-tissue matrices (Jackson, 1966) . In mature connective tissues, particularly in cartilage, where very high concentrations of collagen and polysaccharides are present, electrostatic interactions may assume increased significance with respect to physical properties (Sokoloff, 1963; Fry & Robertson, 1967) . It should be noted that interactions of acid mucopolysaccharide-proteins with large cross-linked collagen fibrils, as described by Smith, Peters & SerafiniFracassini (1967) , may differ sterically from those suggested for the early stages of fibril formation (Mathews, 1965) . Also, the tightly knit network of collagen fibrils in mature human (Johnson & Schubert, 1960) and shark (Mashburn & Hoffman, 1967) 
